Introduction
Organic-inorganic hybrid perovskite materials pioneered by Mitzi in 2001 have been recognized for their use in optoelectronic applications.
1 Group 14 iodometalates, such as ABX 3 , adopt perovskite structures that are fl exible for compositional variations. A hybrid perovskite results when "A" is a small organic cation, "B" is a Group 14 metal lead (Pb), and "X" is a halogen that forms a three-dimensional inorganic framework with the organic cation. The ease with which these hybrid perovskite materials can be prepared and processed from solution have made them attractive for photovoltaic (PV) applications following the pioneering work of Miyasaka and co-workers in 2009, where they replaced dye in dye-sensitized solar cells and obtained a power-conversion effi ciency of 3.8% using iodine/triiodide-based liquid electrolyte. 2 After an initial slow following, perovskite solar cells have created a tsunami effect in the PV community because of their highpower-conversion effi ciencies reaching over 20%, enabled by their unexpected optoelectronic properties. 3 Initially, perovskite solar-cell device architecture was based on dye-sensitized solar cells, as shown in Figure 1 . 4 The device is composed of three major components: an absorber to absorb light, a semiconductor to accept electrons from photoexcited perovskite, and a hole-transporting p -type semiconductor sandwiched between two conducting electrodes. The working principle of a perovskite solar cell involves promotion of electrons from the ground state of the perovskite to the excited state upon irradiation with photons and injection of the excited electrons to the conductance band of the semiconductor. The positive charge on the perovskite is transferred to the hole-transporting material and then to the gold contact electrode. The perovskite plays a critical role in this process for determining the amount of light absorbed both in intensity and breadth (wavelength range).
The key breakthrough, which sparked broad excitement in the PV community, was the realization of 10% effi cient solid-state perovskite solar cells in 2012. 4 , 5 Specifi cally, the unexpectedly high open-circuit voltages generated by these
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Perovskite solar cells based on methylammonium lead triiodide witnessed unprecedented progress after the seminal work of Miyasaka and co-workers in 2009, where they employed perovskite nanocrystals as sensitizers in a dye-sensitized solar-cell confi guration. After key breakthroughs with solid-state perovskite photovoltaics in 2012, research efforts have grown exponentially, and several groups have demonstrated that the perovskite concomitantly acts as a light absorber and an electron and hole transporter in both mesoscopic networks and solid polycrystalline layers, where the perovskite layer can be deposited using a broad range of techniques. The methylammonium lead triiodide perovskite bandgap has been tuned by substituting various cations and anions. By optimizing the crystalline quality of the perovskite absorber and fi lm formation by solvent engineering, a remarkable power-conversion effi ciency of over 20% has been demonstrated, highlighting the exceptional photovoltaic properties of perovskite materials. The high effi ciencies are due to a combination of long carrier lifetimes, substantial charge-carrier mobilities, and remarkably benign electronic defects. This issue highlights various deposition methods of the perovskite absorber, such as single-step, sequential, dual-source sublimation, and solution and sublimation processes, as well as holetransporting-free and tandem perovskite solar cells. solar cells placed their potential for high performance in the realm of highly crystalline semiconductors such as GaAs and Si, as opposed to electronically disordered semiconductors such as organics, metal oxides, and amorphous silicon. Since these early reports, a commonality in improvements in effi ciency has been improvements in crystallinity quality and smoothness and uniformity of the solid crystalline perovskite layer responsible for the light absorption and generation of free charge carriers. The variation in device architectures now occurs in the nature of the positive ( p ) and negative ( n ) contact materials, with the optional insertion of a thin interlayer of mesoporous scaffold to either aid perovskite fi lm formation or charge extraction. The solar cells can thus be considered n-i-p and p-i-n structures, where the perovskite is an intrinsic semiconductor, and light enters through the n -type or the p -type layer, respectively.
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Device architectures and materials
Confi gurations
There are many different materials and confi gurations that encompass current state-of-the-art perovskite solar cells, ranging from all organic to all inorganic contacts, with or without the inclusion of a mesoporous scaffold. Some of the most effi cient cells reported to date comprise a fl uorine-doped tin oxide-FTO-coated glass, a 20-50-nm-thick TiO 2 compact layer, a 100-200-nm-thick mesoporous TiO 2 layer, which acts as an electron transport material and scaffold infi lled with perovskite, a solid perovskite overlayer of 200-300 nm thickness, an additional light-absorbing layer, a hole-transporting layer, and a metal back electrode. 10 Often, mesoporous Al 2 O 3 is used in place of TiO 2 , or the scaffold is completely removed in planar heterojunction cells. A planar heterojunction device architecture typically consists of glass/FTO/compact metal oxide/ perovskite/hole transporter/gold contact.
The most commonly used hole-transporting materials in perovskite solar cells are spiroOMeTAD (2,2′7,7′-tetrakis( N , N -di-p -methoxyphenylamine)-9,9′-spirobifl uorene) 11 and PTAA (polytertiary aryl amine) polymer. 12 The electronic properties of the perovskite and hole-transporting material have been extensively investigated, including the optimization of the performance by chemical p -doping of spiro-OMeTAD.
Optimization of the thickness of the various layers and the morphology of these layers affects overall device performance. For example, by varying the thickness of the mesoporous TiO 2 layer and the perovskite overlayer, the absorption of the device can be tuned, yielding signifi cant enhancement in the short-circuit current. A too thin perovskite overlayer (less than 200 nm) results in low photocurrent due to insuffi cient absorption. However, an excessively thick overlayer results in a lower fi ll factor. The fi ll factor is the ratio of the maximum obtainable power to the product of the open-circuit voltage and short-circuit current density.
The grain size of the perovskite crystals also plays an important role. Typically, the thickness of the hole-transporting material in perovskite solar cells is in the range of 150 nm to 200 nm. If this is too thin, then it provokes short circuits, whereas if it is too thick, this decreases the fi ll factor. 13 In fact, state-of-the-art perovskite devices that incorporate mesoporous TiO 2 can be considered as a combination of a mesoporous TiO 2 /perovskite bulk heterojunction layer and a fl at solid perovskite layer.
There are now many research teams advancing different cell confi gurations in parallel with insulating or semiconducting mesoporous scaffolds and with organic or inorganic semiconductor contacts for planar heterojunctions. A single dominant architecture (or contact material and confi guration) may emerge, but it also may be possible that a number of suitable perovskite cell "technologies" can emerge, similar to the handful of commercial silicon cell technologies that currently exist.
Perovskite material
The typical crystalline structure of perovskite material is ABX 3 , where A = MA cation, B = lead di-cation, and X = iodide; this is called MA lead triiodide perovskite. The MA lead triiodide perovskite exhibits direct bandgap absorption from the top of the valence band to the bottom of the conduction band. The valence band is dominated by iodide p orbitals, and the conduction band consists of Pb p orbitals, therefore the transitions are p -to-p orbitals.
14 The bandgap of ABX 3 perovskite can be tuned by varying A, B, and X. 15 Further, the bandgap can be modulated by appropriate selection of mixed cations and halogens. 16 , 17 Among these combinations, perovskites containing MA and formamidinium (FA) as the A cation and metal Pb 2+ as the B cation have raised interest due to their excellent optoelectronic properties, potential for low-temperature solution processable fi lms, and stability. 18 , 19 In addition, ABX 3 properties are amenable to the formation and nature of the growth of perovskite materials. 4 The MA lead iodide (CH 3 NH 3 PbI 3 ) perovskite material has a panchromatic absorption down to ca. 800 nm, direct bandgap of 1.57 eV, large absorption coefficient of 1.5 × 10 4 cm -1 at 550 nm, 2 low exciton binding energy (<10 meV in MAPbI 3 ), 20 very high charge-carrier mobility (66 cm 2 /Vs for MAPbI 3 ), 20 ambipolar charge transport, 21 large electron and hole diffusion lengths (over 1 μ m and potentially over 100 μ m), 22 and low nonradiative recombination rates. 23 Perovskite solar cells show unreliable effi ciencies due to scan speed-dependent hysteresis observed in the photocurrentvoltage curves of the cells, which could be a bottleneck in the development of photovoltaic technology based on them ( Figure 2 ). Various studies regarding the origin of the hysteresis have been documented, such as ferroelectricity caused by dipoles of MA molecules, 24 ion migration, 25 and unbalanced charge collection rate at the interfaces. 26 Among these, unbalanced charge collection and ion migration seem to be realistic causes for hysteresis behavior.
The most striking evidence to support the imbalanced charge extraction comes from the p-i-n structures (inverted perovskite solar cell), where the hysteresis is signifi cantly lower compared to the n-i-p (normal perovskite solar cells) structures. 27 The imbalanced charge collection is probably related to the electrical character of the perovskite materials and charge accumulation at the interface between perovskite and n -type/ p -type layers. 28 Therefore, the control of perovskite crystal morphology and growth, passivation of the perovskite layer by interfacial engineering, and development of new n -and p -type materials for effi cient charge extraction at the heterojunctions are paramount to further improve the powerconversion effi ciency, specifi cally long-term stabilized power output of perovskite solar cells. Figure 2 shows an optimized perovskite solar cell ( Figure 2a ) and signifi cantly reduced hysteresis ( Figure 2b ) .
Fabrication
Besides the excellent PV performance of the organic-inorganic halide perovskite, the perovskite material is attractive because of its versatility in terms of fabrication techniques. There are several deposition methods available for perovskite fi lms, including one-step precursor solution deposition, 5 two-step sequential deposition, 18 dual-source vapor deposition, 29 and vapor-assisted solution procession. 30 In the one-step precursor solution deposition, the MA lead iodide perovskite is deposited onto the mesoporous metal oxide fi lm by spin coating of a precursor solution of 1:1 CH 3 NH 3 I and PbI 2 in γ -butyrolactone or dimethylformamide (DMF) or a mixture of dimethyl sulfoxide and DMF solvents on top of the 200-400-nm-thick fi lm of TiO 2 (anatase) nanoparticles ( Figure 3 a) . Burschka et al. reported a 15% power-conversion effi ciency, where the perovskite was deposited by a novel sequential deposition technique on a mesoporous TiO 2 fi lm ( Figure 3b ) . 18 In an inverted layout, similar to that employed in all organic polymeric solar cells, the perovskite layer was deposited using a dual source sublimation method and used as the electron donor in combination with an electron acceptor [6, 6 ]-phenyl C 61 -butyric acid methylester PCBM ( Figure 3c ). 31 Holes are extracted via the transparent conductor poly(3,4-ethylenedioxythiophene):poly (styrenesulfonic acid) (PEDOT:PSS). In this confi guration, the sublimated MA lead iodide perovskite layers are sandwiched between two very thin electron and hole blocking layers consisting of polytertiary arylamine and PCBM organic molecules. The organic materials were deposited using solutionbased processes, whereas the CH 3 NH 3 PbI 3 perovskite and the metal contact were deposited using thermal evaporation under vacuum, which reached effi ciencies as high as 12% at 100 mW cm −2
. 31 Yang et al. reported a low-temperature approach for the deposition of the perovskite absorbing layer called vapor-assisted solution processing (VASP), which is similar to a combination of the sequential deposition method and dualsource vapor deposition . 32 In this process, PbI 2 fi lms are deposited onto a FTO glass coated with a compact layer of TiO 2 , followed by annealing in methylammonium iodide vapor at 150°C in a N 2 atmosphere for 2 h to form perovskite fi lms ( Figure 3d ). The perovskite fi lm derived from this approach exhibits full surface coverage, uniform grain structure with grain size of up to a few nanometers, and 100% precursor transformation. VASP presents a simple, controllable, and versatile approach to the pursuit of high-quality perovskite fi lms and the resulting high-performance PV devices.
Several groups have investigated charge transfer dynamics by using different wavelengths and fl uorescence of femtosecond excitation of perovskite fi lms and by probing the visiblenear-infrared transient absorptions of the generated charge carriers. If the scaffold material is a mesoporous layer of TiO 2 , the data show sub-picosecond electron injection into titania in 170 fs, and electron and hole relaxations in the range of 0.5-0.7 ps within perovskite and titania conduction bands. 33 The contribution of trap states in the recombination processes is small, thus increasing the survival probability of the charge in the excited perovskite collecting at the respective electrodes.
In this issue
In this issue of MRS Bulletin , we have invited leading experts to share their data based on one-step precursor solution deposition, two-step sequential deposition, dual-source vapor deposition, vapor-assisted solution processed techniques, and hole-transporting material free perovskite solar cells. In the fi rst article, Noh and Seok describe perovskite deposition using a chemical engineering process that gives extremely uniform and dense perovskite layers and remarkably improved the performance of the perovskite solar cells, yielding a National Renewable Energy Laboratory certifi ed effi ciency of 20.1%. Lee and Park describe a two-step deposition method for a perovskite material that leads to high-effi ciency perovskite solar cells. Next, Sessolo et al. show the latest advances in the vacuum deposition of perovskite fi lms with an emphasis on PV applications. Zhou et al. discuss high-quality perovskite fi lms deposited via the facile low-temperature (<150°C) vapor-assisted solution process. Etgar covers hole-transport-material-free solar cells that could benefi t future PV and optoelectronic applications. Finally, Bailie and McGehee discuss the challenges facing perovskite-based tandems in attaining effi ciency values over 25% to reach commercial competitiveness.
Conclusion
Organic-inorganic metal halide perovskites, such as CH 3 NH 3 PbI 3 , are low-cost precursors, capable of being processed via a variety of scalable methods and delivering high powerconversion effi ciencies in solar cells that are comparable to thin-fi lm and crystalline silicon solar cells. As demonstrated, the applications of CH 3 NH 3 PbI 3 beyond solar cells-lightemitting diodes, photo-detectors, light-emitting fi eld-effect transistors, and lasers (CH 3 NH 3 PbI 3 )-signify the practicality of the perovskite materials. However, there are drawbacks to perovskite materials: sensitivity toward humidity, instability under heat and light conditions, and unreliability under operating conditions. Solutions to these drawbacks are being discovered through the molecular engineering of functionalized interface materials that not only function as effi cient charge extractors, but also act as a shield against humidity and UV light-induced degradation. The prospects for perovskite materials in various applications are extremely bright, with markets spanning from solar cells to sensing, imaging, environmental applications, and optoelectronics.
The techniques and data presented in this issue will stimulate readers and the materials communities to further explore the amazing properties of perovskite materials, reaching the ambitious goal of reducing our dependence on non-renewable power-generating technologies. If perovskite solar cells are proven to be a reliable technology, every house can produce its own electricity and store the surplus-or feed it back to the grid. The dream is that, eventually, the power consumer will become the producer.
